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ABSTRACT

A new method for the direct detection and determination of chlorine
in air has been devised.

The method is based on the permeation of the

gas through a silicone-polycarbonate copolymer film impregnated with a
colorimetric reagent.

The impregnation of the film with reagent was

achieved by dissolving both a polymer film and a reagent in a common
volatile solvent( CHCL3 ), followed by casting on a leveled surface to
allow the solvent to evaporate, thus forming a polymer film containing
suspended reagent.
The polymer films impregnated in such manner, were uniform and
transparent.

A spectrophotometer was used for monitoring the change in

color, observed when the permeant gas reacted with the reagent inside
the film.

Films impregnated with o-tolidine,

3,3',5,5'-tetramethyl-

benzidine and dithizone, were examined.
The response of the film was studied, as a function of concentration
and duration of exposure.

The response was not directly proportional to

dosage (Cxt), which limits the use of the film as a dosimeter for
personal monitoring.

The response of the film impregnated with excess

reagent was directly proportional to concentration of exposure, for a
constant duration of time exceeding twelve minutes.
The film, therefore, is useful in a manner similar to test papers
or detector tubes.

Yet, the determination is quantitative as opposed

to semi-quantitative determination achieved by the latter.
film impregnated with

A polymer

3,3',5,5'-tetraTnethylbenzidine, showed accuracy

within ±6% in the range (0.5ppm - 6.0ppm) of chlorine in air, for a
xi

constant duration of exposure equal to fifteen minutes.
relative error was ±18% for 0.5ppm.

The maximum

The detection limit was as low as

O.lppm, for an exposure duration of fifteen minutes, as the least
perceivable change in color by the naked eye.

Less accuracy (±13%) was

attained with the film impregnated with o-tolidine or dithizone.

CHAPTER I

INTRODUCTION.

The high standard of living, mankind nowadays enjoys, is partly
attributed to the introduction of chemical products to the society.
This raised the status of chemicals and chemical products to the level
of necessity.

The large increase in the use of chemicals in the

industry and in the home, made the study of these chemicals and their
health effects, of utmost importance.
Poisons were known since time immemorial.

But poisoning, due to

occupation, was not clearly defined in the minds of the ancient and
the medieval men? because chemists were, continually, searching for the
"Philosopher's Stone" which would transmute base metals into gold,
and mainly because chemical products were not introduced for general
public consumption until after the industrial revolution.

The first

book on industrial hygiene was written by Ulrich Ellenbog of Feldkirch
in 1524, and discussed the hazards of lead and mercury.

In the Seven

teenth century, Ramazzini of C a r p i (1633 - 1711), who was regarded as
the father of industrial hygiene, wrote "De Morbes Artificum"( Diseases
Of Tradesmen )(1).

Later on, the awareness to industrial hygiene

increased(2,3), and state and local governments became engaged in the
responsibility for safeguarding the health of the industrial workers
and the community(4,5,6,7,8).
Chemists, and particularly analytical chemists, were endowed with
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the responsibility of identifying the nature, concentration, and sources
of chemicals released into the environment as the result of human
activities.

Much of the analytical chemistry of industrial hazards

deal with the estimation of substances in air; because it was realized
that the chief routes of accidental entry of poisons into the body
were mainly, through the respiratory tract by inhalation or through
the skin.
A.

Determination of toxic substances in air.
The methods and procedures for the determination of toxic

substances in air are well documented in the works of many authors(1,
9,10,11).

Any of the methods will involve three basic operations:

sampling, collection, and determination.
Basically, a known volume of air is sampled, either by using
an evacuated vessel, or by drawing air into a collecting medium using
a pump operated at a constant rate for a period of time.

The collecting

medium could be an activated charcoal or silica gel trap, a solution
of a reagent( bubblers ), a paper impregnated with reagent( test paper ) ,
or a solid substrate( alumina ) impregnated with reagent( detector
tubes ).

The toxic substance can be extracted in the case of charcoal

or silica gel sorbers.

In the case of reagents, the toxic substance

interacts to produce a measurable response( a physical or chemical
change ) which can be measured by an appropriate analytical method.
The concentration of the toxic substance in the air is then determined;
either by relating the amount of toxic substance collected to the
sampled volume of air, or by comparing a measured response such as a
color change to the response observed for known concentrations, which
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have been sampled in like manner( i.e: using a calibration curve ).
The preceding description of the basic operations for the
determination of toxic substances in air introduces two methods of
sampling.

"Grab" or "spot" sampling, which is achieved by using

evacuated vessels or a pump for collecting a known volume of air; and
"continuous" sampling, which can only be done by using a pump.

Grab

sampling will only convey information on the concentration of the toxin
at a particular time and place where the sample was collected;
continuous sampling, on the other hand, possesses the capability of
determining average concentrations in the air for a longer period of
time, say a normal eight hours working day.
Continuous sampling lends itself easily for the continuous
monitoring of a working area.

But upon the realization of the fact

that the concentration of toxic substances in the air near a monitoring
device does not necessarily reflect the extent of personal exposure,
attention was focused on personal monitoring.

Personal monitoring

requires that a monitoring device be attached to the worker in order
to convey real exposures.

Sampling, using a pump( termed active sam

pling ), is inadequate for personal monitoring.

A passive sampling

method( not utilizing a pump ), was needed to alleviate the problem.
B.

Continuous, passive sampling by permeation.
It was not until 1973 that a novel, simple, reliable, and

continuous passive sampling method was introduced(12).

The method was

based on the permeation of gases through a polymer membrane into a
collecting medium.

The method was investigated for a variety of gases
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( 13,14,15,16 ) , and a device was later commercialized(17).

At the

same time, passive sampling based on molecular diffusion of gases
through an orifice into a collecting medium was also introduced(18),
and commercialized(19,20).
This study is an extension to the work done on the passive
sampling method based on permeation.

In the passive devices under

consideration, a polymer film through which gaseous species permeated,
served as a barrier to atmospheric turbulence and as a medium for
achieving the quantification of flow of the gaseous species into a
collecting medium, i.ej constant permeation rate.

The collecting medium

was usually a sorber such as activated charcoal, or a reagent located
after the polymer film in order to trap the gaseous species for subse
quent analysis.
C.

The present study.
In this work, a different approach was initiated, which uses

the same principle of constant permeation rate.

The collecting reagent

was not located after the polymer film, but was incorporated within the
film itself. This was achieved by dissolving both the polymer and a
colorimetric reagent in a common volatile solvent, followed by casting
on a leveled surface to allow the solvent to evaporate.
a polymer film containing suspended reagent.

Thus, forming

A change in color was

observed when the film impregnated with reagent was exposed to the gas
under study.

The change in color was directly monitored on the film

by a spectrophotometer.
A silicone-polycarbonate copolymer( MEM213 )(21), was chosen
as the model polymer film.

Films impregnated with excess o-tolidine,
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and excess 3,S'S^'-tetramethylbenzidine, as well as films impregnated
with a limited amount of dithizone, were examined. The films were
investigated for the detection and determination of chlorine in air.
Although, other polymers have been shown to be more permeable to gases
than MEM213 (12) , MEM213 being transparent, offered the advantage of
monitoring the change in color directly on the film.
The main objective of this study was to be able to produce a
miniature personal monitoring device, where the three basic operations
necessary for the determination of toxic gases in air: sampling,
collecting, and determining, can be performed on a single entity: the film.
This will, eventually, reduce the amount of work, expenditure, and
complexity involved, as compared to other devices. It would, essentially,
be considered the ultimate monitoring device; where simplicity is
achieved without sacrificing accuracy.
To satisfy the criterion for a personal monitor, the response of
a device should be directly proportional to dose (Cxt); in order to be
able to convey the total extent of exposure over a period of time, or
the time weighted average. The response of the film impregnated with
reagent showed

different behaviour; nevertheless, the film can be used

as a personal monitoring device if the duration of exposure is sufficiently
long to minimize the effect of an initial lag of response. The lag was
attributed to a surface reaction which preceeded permeation and reaction
in the interior of the film.
Although, the film impregnated with reagent showed limited appli
cability as a personal monitoring device, it still offered an adequate
method of sampling. It can be used for spot sampling similar to the
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use of evacuated vessels containing test paper or to detector tubes.
It has advantages over both.

The film impregnated with reagent conveys

quantitative determination of concentrations.

Semi-quantitative results

are obtained by test papers and detector tubes(22).

A calibration

curve can be obtained, using the spectrophotometer, for a specified
duration of exposure.

The film also does not require the use of a pump;

because the sampling process is based on permeation.
The film impregnated with reagent can, therefore, be considered
to offer a quantitative, passive, spot sampling method for the determi
nation of gaseous pollutants in air.

The method is as simple as the

methods based on test paper or detector tubes; yet, more accurate.

CHAPTER II
. EXPERIMENTAL.

A.

PREPARATION OF THE POLYMER-REAGENT MIXTURE.
A sheet of MEM213 copolymer weighing 2.855 0 grams was dissolved in

50 milliliters of chloroform.
in chloroform was prepared.

A 0.25 percent (w/v) solution of reagent
The two solutions were mixed in varying

proportions to determine the suitable casting solution.

It was found

that a solution containing two to five percent (w/v) copolymer in
chloroform formed an acceptable film after casting and evaporation of
the solvent.
if:

C 1 = Concentration of reagent in chloroform,
C 2 = Concentration of copolymer in chloroform,
V x = Volume of stock solution of reagent taken,
V2

and

= Volume of stock solution of copolymer taken,

w = Weight of the MEM213 copolymer sheet,

then:
the percent concentration of copolymer in the casting
solution is equal to:
2w( V2 )

,

( v x+v 2 )
and the percent concentration of the reagent in the film after
evaporation of the solvent is equal to :

ClVl
----------- ■ x 100.
C 1V 1 + C2v 2

7
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example:

if

= 0.25 percent
C 2 = 2w = 5.71 percent
V x = 3.0 ml
V2 = 3.0 ml

Then:

the concentration of copolymer in the casting solution is
equal to 2.85 percent,

and the concentration of reagent in the film after evaporation of the
solvent is equal to 4.20 percent.

Therefore, equal volumes of the stock reagent and the stock
copolymer solutions were mixed and cast to attain the desired concen
tration of reagent in the film after evaporation of the solvent.

To

avoid the problem of different rates of evaporation of the chloroform
from the two stock solutions as they were left on the shelf, equal
volumes of the two solutions were mixed immediately after preparation
and left on the shelf for subsequent casting.

B.

PREPARATION OF THE FILM IMPREGNATED WITH THE REAGENT; CASTING.(24)
It was found that the film stuck to glass after evaporation of the

solvent, due to the compatability of

ilicone polymers and glass.

Glass surfaces were, thus, avoided and an FEP-Coated vinyl overlay(23)
was used on a glass plate ( 15cm x 15cm x 0.2cm ) as the casting
surface.
A cylindrical glass container was used to cover the surface in
order to allow uniform evaporation of the solvent.

The glass cylinder

12.5cm(diameter), 6cm(height), 0.2cm(thickness), was open at the end
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which touches the casting surface and covered at the other end by
filter paper.

Figure I shows the casting apparatus used.

The filter

paper was glued to the rim of the glass cylinder by a sealant ( DowCorning 94-034 Fluoro Silicone Sealant ).

A small hole in the center of

the filter paper permitted the delivery of the desired amount of casting
solution to the surface.

After the solvent evaporated, which required

from four to six hours, the cylinder was lifted.

The produced film,

adhered to the rim of the cylinder and was released by a surgical blade.
The adherence of the film to the rim of the glass cylinder was an
advantage, because it allowed uniform stretching of the polymer during
the evaporation of the solvent and formation of the film.

The prepared

film was then sliced into rectangular pieces in a size suitable for
mounting on special holders described below.

C.

MOUNTING OF THE REAGENT-IMPREGNATED FILM FOR EXPOSURE TO CHLORINE
GAS.
The film impregnated with reagent changes color upon exposure to

chlorine gas.

It was found that parts of the film covered with (3M)

Scotch transparent adhesive tape did not respond, indicating that
chlorine gas did not permeate through the tape.

Therefore,

(3M) Scotch

adhesive tape was used to affix the rectangular piece of the film to a
holder suitable for placing in the exposure chamber.
1.

Holder for the film.
A Beckman spectrophotometer was used to monitor the formation

of the reaction product in the film.

A suitable holder for the

Figure I

CASTING APPARATUS.

FILTER PAPER
GLASS
CYLINDER

FEP COATED
VINYL OVERLAY
GLASS
SUPPORT

o
*

(U
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film that would fit into the

spectrophotometer cell chamber was

constructed from acrylic plastic ( figure 2 ).

Such a holder was suit

able for inserting the film into the exposure chamber and then into the
spectrophotometer for monitoring the test reaction.

D.

METHOD OF EXPOSURE.
The exposure chamber was made of a glass cylinder with several

openings which were fitted with size six rubber stoppers.

The holder

carrying the reagent-impregnated film was held to the bottom of the
rubber stopper by a round-headed thumb tack via a small piece of carton
which was attached to the holder by tape,

(figure 2 ).

The rubber

stopper was then inserted into the opening of the exposure chamber and
chlorine gas was allowed to pass through the chamber.

Chlorine

permeation tubes were utilized for preparing standard atmospheres of
the gas according to the method of O'Keefe and Ortman (25).
1.

Preparation of chlorine permeation tubes.
The permeation tube is a device used to provide primary

standards for trace gas analysis and was developed by O'Keefe and
Ortman (25).

Its use has been further studied by a number of authors

(26,27).
The permeation tube designed in our laboratory (29), consisted
of a glass resevoir, 11cm long, 10mm 0.D and 1mm thick ending in a
constricted end, and closed from the open end with a short length of
FEP ( Tetrafluoroethylene - Hexafluoropropylene ) Teflon tubing, which
was sealed by a glass bead ( figure 3 ).

Figure 2
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The filling of the reservoir with chlorine liquid was
vaccomplished by cooling the reservoir in a dry-ice-acetone bath and
delivering the chlorine liquid into the reservoir from a chlorine lecture
bottle by means of a disposable pipet.

The pipet was attached to the

neck of the lecture bottle and was used as a nozzle to direct the flow
of liquid chlorine from the lecture bottle into the glass reservoir. A
short stem of FEP-Teflon tubing was closed from one end by a glass bead.
This was achieved by heating the end until it softened and pushing the
glass bead through the opening.

The tube was then heated from the open

end until it softened and pushed over the mouth of the glass reservoir
containing the chlorine liquid and still immersed in the dry-ice-acetone
bath.

The whole device was then left to cool in the bath until an

adequate seal was obtained.

It was found that the FEP-Teflon tube-end

fitted over the constricted glass neck provided an adequate seal.
2.

Calibration and use of the permeation tube.
The temprature in the chamber holding the tube was maintained

at 28.00 - 0.05°C.

Calibration of the permeation tube was accomplished

by a gravimetric procedure previously described (25,26,27). Weighings
were made at regular intervals of time throughout the study. Table I
shows typical permeation data obtained for a standard permeation tube.
The tube showed a constant permeation rate over its period of use.
3.

Preparation of standard chlorine atmospheres.
The various levels of chlorine gas in air required for the

study were prepared by using the apparatus in figure 4.

Laboratory air

was passed through two columns of activated charcoal and two columns of
silica gel.

The resulting clean air was then passed through flowmeters

TABLE I

TYPICAL PERMEATION RATE OF CHLORINE
THROUGH FEP TEFLON TUBING.

0.D of tube: 6.3mm.
1.D of tube: 4.3mm.
Total length of tube: 35mm.
Active length: 3mm.

PERMEATION RATE (ug/min)
5.69
5.49
5.76
5.84
5.54
5.70
5.40
5.33
Mean = 5.59 ug/min.
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Figure 4

APPARATUS.

A- Particulate filters.
B- Regulators.
C- Mixture of silica gel and activated
charcoal.
D-

Scrubbing columns.
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H- Thermometer.
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and into the chamber holding the permeation tubes.

The chamber

consisted of a distillation column around which water maintained at
28.00 ± 0.05°C was circulated.

Finally, the chlorine-air mixture was

passed into the exposure chamber in which the films were inserted for
the study.

The equipment was essentially that described by Reiszner (29)r

with the exception that the permeation chamber was not immersed in the
water bath.

The chamber resembled that used by F. Scaringelli et al(30).

For air flow measurement, a variety of rotameters were employed to
attain the desired flow of air over the permeation tubes.

E.

REAGENTS AND MATERIALS.
Ali reagents used throughout the study were reagent grade.
1.

Chlorine
C. P. Grade, Matheson Gas Products, minimum purity 99.9%.

2.

Chloroform
Reagent Grade A.C.S.

3.

o-Tolidine ( 3,3*dimethylbenzidine).
No. P249, practical.

4.

Eastman Kodak Company.

Dithizone ( Diphenylthiocarbazone).
Reagent A.C.S.

, minimum assay 85%.

Matheson Coleman and

Bell Manufacturing Chemists.
5.

3.3',5.5' - Tetramethylbenzidine
No. 86,033-6, minimum assay 99+% Gold label.
Chemical Company Inc.

Aldrich

Silicone - Polycarbonate copolymer membrane.
1 mil standard size l'xl1, product No. MEM213 obtained
from General Electric Company.

CHAPTER III

EXPERIMENTAL EVALUATION OF A POLYMER FILM
• IMPREGNATED WITH EXCESS o-TOLIDINE FOR THE
DETECTION AND DETERMINATION OF CHLORINE IN AIR.

A.

INTRODUCTION.
A silicone-polycarbonate copolymer film impregnated with

reagent was prepared as previously described in chapter II.

The yellow

transparent film turned green-blue upon exposure to chlorine gas.

The

reacted exposed film absorbed visible radiation at 37 5nm and 620nm,
while the unexposed film absorbed below 340nm with a small absorption
band at 430nm as shown in Figure 5.

The absorption band at 620nm,

being free from interferences, was considered adequate for monitoring
the formation of the green-blue product.

The studies that follow were

conducted to determine the mode of interaction of the reagent inside
the film as a function of concentration and duration of exposure.

B-

REPRODUCIBILITY OF DATA.
In order to ascertain the number of data points to be averaged to

represent the true value, twelve separate films were exposed under like
conditions.

The net absorbance of the blue product at 620nm was

calculated by subtracting the absorbance of the film before exposure
from the absorbance value after exposure.

The percent relative

deviation did not exceed three percent as shown in table II.

It was

decided that three data points were adequate for representing the true
value.
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Figure 5

THE VISIBLE SPECTRUM OF THE FILM IMPREGNATED
WITH o-TOLIDINE BEFORE AND AFTER EXPOSURE.
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TABLE II
REPRODUCIBILITY OF DATA.

Chlorine concentration: 7.5ppm.
Exposure time: 10 minutes.
Reagent concentration: 4.7 percent.
Monitoring wavelength: 620nm.

Percent transmission against air.
Film No.

Before exposure.

After exposure

Corrected
Absorbance.

1.

88.6

35.4

0.398

2.

89.5

34.0

0.420

3.

89.0

36.8

0.384

4.

89.4

35.0

0.407

5.

88.5

34.2

0.413

6.

89.0

34.7

0.418

7.

89.0

36.5

0.387

8.

88.5

34.2

0.413

9.

88.8

33.5

0.423

10.

89.0

35.5

0.399

11.

88.3

33.6

0.420

12.

88.4

36.5

0.384

Mean = 0.406.
Average deviation = 0.012.
Percent relative deviation = 2.96 percent.
Standard deviation = 0.016.
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c*

for exposure to constant concentration.

time

profile

1-

Experimental.
A silicone-polycarbonate membrane(film)

impregnated with

o-tolidine was prepared according to the previously described method.
The concentration of the reagent in the film was 4.7 percent (w/w).
The film was sliced to sizes suitable for mounting on the film holder
for exposure and measurement.
In order to be able to measure the continuous formation of
the green-blue product in the film with respect to time; separate films
were held in constant contact with the same concentration of chlorine
gas in air, and the exposure time was varied. The exposure was conducted
in the following manner: the first film was exposed for two minutes to
a constant concentration of chlorine gas; the second film was exposed
for four minutes to the same concentration, the third for six minutes
and so on..

Therefore, separate films were exposed to the same concen

tration of chlorine in air for successive increasing durations of
exposure.

The absorbance after each exposure was measured, and the net

absorbance was plotted against the respective durations of exposure.
The experiment was conducted in the same manner for three
different concentrations of chlorine gas in air.

The plot of net

absorbance versus duration of exposure in such a manner represented the
"time profile for exposure to constant concentration" as shown in
Figure 6.

It is assumed from the data previously shown in table II,

that the concentration of the reagent in the films, as well as the
thickness of the films, is the same.

Figure 6
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2.

Results and discussion.
It was observed from the curves represented in Figure 6, that

the rate of formation of the green-blue product reached a steady state
in twelve minutes of exposure time.

The steady state was achieved in

twelve minutes during exposure to any concentration of chlorine in air,
after which the rate of formation of the green-blue product became
constant following a straight line.

It was also noticed that the

slopes of the lines representing the steady states, as well as the
intercepts on the absorbance axis, increased with concentration.

This

lead to the conclusion that the steady state, represented by the net
absorbance values at 620nm can be related to concentration and time
in the following manner:

A = aC + bCt

(1)

where:
A = Absorbance of the green-blue product at 620nm.
C = Concentration of chlorine in air (ppm).
t = Duration of exposure (minutes).
a,b = Constants related to the permeation of chlorine through
the film and the rate constant of the reaction with the
reagent inside the film.
The above conclusion suggested that, if separate films were
exposed for the same duration of time exceeding twelve minutes to
different concentrations of chlorine in air, the absorbance values of
the reaction product would conform to equation (1).

Thus, the plot of

absorbances versus concentrations would exhibit a straight line.
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An experiment was conducted to verify the assumption.

D.

CONCENTRATION PROFILE OF EXPOSURE FOR A CONSTANT TIME EXCEEDING
TWELVE MINUTES.
1.

Experimental.
Separate films with the same concentration of reagent

(4.7 percent), were exposed for the same duration of time(15 minutes)
to different concentrations of chlorine in air.

The absorbance was

measured after each exposure and the net absorbance plotted against the
concentration of chlorine gas in air.

2.

The plot is shown in Figure 7.

Results and discussion.
It was noticed that the absorbance values versus concentration

conformed to the assumption of linearity.

However, the straight line

did not pass through the zero point as depicted by equation(1). It was
thought that a consistent error had been committed, and the experiment
was repeated.

The straight line still did not pass through the zero

point, and an induction period was therefore suspected.

The chlorine

gas required a certain period of time, a lag time, before permeation
and reaction inside the film commenced.

During this period of time,

the chlorine would first react with the reagent available on the
surface of the film.

If a surface reaction occured, then the chlorine

gas would not have been able to permeate through the film and react
according to equation(1) before it had reacted with all the reagent
available on the surface.

If that were the case, and if the reaction

on the surface were necessary before permeation commenced; it would

Figure 7
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induce the same additional value of absorbance to the absorbance of
each film.

The straight line would then be lifted above the

concentration axis in Figure 7, without a noticeable effect on its
linearity.

This explanation was reasonable, because a fifteen minutes

duration of exposure was considered long compared to the time needed
for all the reagent available on the surface to react.
Therefore, the induction effect observed was thought to be
induced by a surface reaction occuring before permeation.

E.

EXPOSURES FOR SHORT DURATIONS OF TIME.
1.

Experimental.
Similar films prepared in like manner were exposed for the

same duration of time less than fifteen minutes, to different
concentrations of chlorine gas in air.

Five minutes exposure was used

for one set of data and two minutes exposure was used for the other
set.
2.

Results and discussion.
The plots of net absorbances versus concentrations of exposure

for two minutes and five minutes are shown in Figure 8 compared to the
plot of exposure for fifteen minutes.
did not exhibit linearity this time.

It was noticed that the plots
The plots curved from the zero

with a positive slope until they reached a straight line.

It was

also noticed that the straight lines were not achieved except after the
same dose of chlorine in air has been reacted.

This required dose was

determined by extrapolating the straight lines to the absorbance axis.
This common dose would be represented by the absorbance value of 0.14.

Figure 8
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Therefore, Absorbance = 0.14 would be the Absorbance at 620nm of the
product formed when all the reagent available on the surface of the
film had reacted.

It would represent the absorbance induced by the

surface reaction occuring before permeation.

This Value was considered

the additional absorbance Value which lifted all the Values on the
straight line of Figure 7, above the concentration axis.
As a result, the straight line depicted by equation(1) was
modified to the following:

A = aC + bCt + 0.14

(2)

where:
0.14 = Absorbance induced by the surface reaction.

All other

terms being the same as in equation(1).

F.

DETERMINATION OF THE CONSTANTS a AND b.
If the steady state could be represented by the straight lineof

equation(2), then the values

A - 0.14 plotted against time from
C
Figure 6 would exhibit a single straight line independent of the
concentration of exposure.

The values of

A - 0.14 extracted from
C
Figure 6 , were plotted against time for three different concentrations.
The plots were performed for the actual data points as well as for the
curves drawn to connect the data points.

Due to errors inherent in

the

system from the preparation of the films (see table II)and the
calculation of concentrations of exposure (see table I), a single
straight line was not obtained.

The averages of the lines determined

from the curves drawn to connect the data points in Figure 6 were taken.
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The average lines were the following:
-3
-4
A = 31.8 x 10 C + 6.45 x 10 Ct + 0.14

(3)

-4
-3
A = 34.2 x 10 C + 5.83 x 10 Ct + 0.14

(4)

The average of the above straight lines was also taken by
averaging both the intercepts and the slopes.

A = 33.0 x 10_3C + 6.13 x 104Ct + 0.14

(5)

One of the lines depicted in equations (3),(4) and (5) was
assumed to represent the steady state.

G.

VERIFICATION OF THE STRAIGHT LINES REPRESENTING THE STEADY STATE
BY COMPARING CALCULATED CONCENTRATIONS AND ACTUAL CONCENTRATIONS.
The verification of the straight lines was attempted in the

following manner: because the lines 3,4, and 5 were obtained from the
experiment described under "time profile for exposure to constant

con

centration " , the validity of the straight lines could be ascertained
by comparing to a data set of a different experimental origin.

The

alternative data set being obtained from the experiment described
under "concentration profile for exposure at constant time".
Therefore, the values of absorbances obtained from Figure 7, as
well as the fifteen minutes exposure time, were inserted into
equations (3),(4) and (5) obtained from Figure 6.

The concentration of

chlorine gas was calculated from the equations and compared to the
actual concentrations of exposure in Figure 7.

The comparison is
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shown in table III.

1.

Results.
It is shown by table III that the average relative deviation

of the calculated concentrations of exposure from the actual concen
trations of exposure did not exceed 13 percent.

The point represented

by 0.6ppm being excluded.
Therefore, the steady state can be represented by a straight
line of the following form:

A = aC + bCt + q

(6)

where:
A = Absorbance at 620nm.
C = Concentration of exposure (ppm).
t = Duration of exposure(minutes) exceeding twelve minutes.
a,b = Constants related to the system.
q = Absorbance induced by the surface reaction preceding permeation.

H*

INTERFERENCE STUDIES.
Only gaseous species could interfere with the determination of

chlorine in the air.
1.

Interference from NOj and ozone

was investigated.

Experimental.
NO^ standard atmosphere was prepared by utilizing a N O 2

permeation tube made in our laboratories by trickling concentrated
Nitric acid on Copper foil and the brown fumes directed into a
permeation reservoir located in an ice-salt bath. The NO2 gas condensed
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TABLE III

ACCURACY OF THE STRAIGHT LINES.

A =

31.8x 10_3C + 6.45 x 10"4Ct + 0.14

(3)

A =

34.2x 10‘3C + 5.83 x 10-4Ct + 0.14

(4)

A =

33.0x 10'3C + 6.13 x 10'4Ct + 0.14

(5)

Actual Cone.
of exposure.

Corrected
Absorbance.

9 .8

ppm

0.641

3) 12. 10
4) 11.70 ppm
5) 11.87

7.4

ppm

0.485

3) 8.32
4) 8.03
5) 8.18

ppm

3) 5.59
4) 5.40
5) 5. 50

ppm

3) 3.62
4) 3.49
5) 3. 55

ppm

3) 1.78
4) 1.72
5) 1.75

ppm

3) 1. 57
4) 1.51
5) 1.54

ppm

3) 0.85
4) 0.82
5) 0.83

ppm

5.4

3.4

1.9

1.3

0.6

ppm

ppm

ppm

ppm

ppm

0.372

0. 290

0.214

0. 205

0.175

Calculated
Cone.______
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as a greenish brown liquid in the permeation glass reservoir.

The

reservoir was then sealed in the same manner described in chapter II for
the chlorine permeation tube.

Ozone standard atmosphere was obtained

from an ozone generator attached to an ultraviolet ozone analyzer.
2.

Results.
It was found that N O 2 produced a green-blue product when it

reacted with o-tolidine in the film, absorbing at 620nm, as well as at
375nm and presumably the same product formed from the reaction of
chlorine with o-tolidine in the film.

But as much as 6.5ppm of NO2

gas in air was necessary to produce a response equivalent to the response
produced by 0.5ppm of chlorine.
Ozone, on the other hand, interfered but not by forming a
green-blue product.

The yellow film impregnated with o-tolidine turned

orange in color after exposure to ozone and the film absorbed at 430nm
in the visible region.

This product does not represent an interference

since the monitoring wavelength is 620nm.

Nevertheless, the ozone

interference would tend to exhaust the reagent available on the surface
of the film, which constitutes part of the response.

I.

CONCLUSION.
It was shown that a silicone-polycarbonate copolymer impregnated

with excess o-tolidine could be used for the detection and determination
of chlorine in the air.

It was also shown that the response of the

film followed equation(6) for exposure durations exceeding twelve
minutes, which is the time required for the film to achieve a steady
state depicted by the equation.

a, and b in equation(6) representing the steady state, can be
determined from the plot: "time profile for exposure to constant
concentration".

The value q can be determined from the intercepts on

the absorbance axis of the plots "concentration profile of exposure for
constant time", and it depends on the concentration of the reagent in
the film.
The film impregnated with reagent would have a linear response
when used for durations of exposure greater

than twelve minutes.

The

linear range extends from l.Oppm to 15ppm.The accuracy of the
determination is within i 13 percent.

The detection limit was as low

as 0.lppm for an exposure duration of fifteen minutes.

The limit

being considered as the least perceivable change in color by the naked
eye.

Ozone and NO2 interfere.

CHAPTER IV
EXPERIMENTAL EVALUATION OF A POLYMER FILM IMPREGNATED
WITH EXCESS 3,3',5,51-TETRAMETHYLBENZIDINE FOR THE
DETECTION AND DETERMINATION OF CHLORINE IN AIR.

A.

INTRODUCTION.
Both benzidine and o-tolidine have been shown to undergo oxidation

to green-blue products in their reactions with oxidizing agents (31).
Both reagents, however, are carcinogenic to animals and man (32,33).
A derivative of benzidine, 3,3',5,5'-tetramethylbenzidine, was introduced
by V.R.Holland et al in 197 4 as a safe and more sensitive substitute(34).
Following the same criteria, the safe substitute,

(3,3',5,5'-

tetramethylbenzidine), was investigated for the detection and determina
tion of chlorine in air.

The purpose of the investigation was two-fold.

To provide a safe substitute for o-tolidine in the polymer film
impregnated with the reagent, as well as, to present additional proof
on the behaviour of the film impregnated with excess reagent, upon
exposure to a gaseous species.
A silicone-polycarbonate copolymer film impregnated with excess
of

3,3',5,5'-tetramethylbenzidine was prepared.

The yellow transparent

film turned green-blue upon exposure to chlorine gas.

The visible

spectra of both the unexposed film and the reacted exposed film were
compared.

It was found that the yellow unexposed film absorbed below

340nm with a small absorption band at 410nm; while the exposed film
absorbed at 668nm and 383nm(Figure 9). The wavelength at 668nm was
considered adequate for monitoring the formation of the green-blue
product as a function of concentration and duration of exposure.
35

Figure 9

THE VISIBLE SPECTRUM OF THE FILM IMPREGNATED
WITH

3,31,5,51-TETRAMETHYLBENZIDINE ,

BEFORE AND AFTER EXPOSURE.
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B.

EXPERIMENTAL.
1.

Preparation of the polymer film impregnated with reagent.
The procedure for preparing the polymer films impregnated

with reagent

is

described in chapter II of this work.

2.6983 grams of

the silicone-polycarbonate copolymer were dissolved in 50 milliliters
of chloroform.

This solution was mixed with 50 milliliters of a

chloroform solution containing I42.00mg of
benzidine.

15 milliliters aliquots

3,3',5,5'-tetramethyl

were used for casting.The prepared

films, thus, contained 5.0 percent (w/w) of reagent in the

film, after

casting and evaporation of the solvent.
2.

Method of exposure.
The experimental methods of exposure and measurement, as a

function of

time and concentration, were the same as outlined in

chapters II

and III.

3.

Reproducibility of the films.
The films produced by casting showed adequate reproducibility

when monitored at 410nm (the wavelength at which the reagent absorbs),
as shown in table IV.

C.

TIME PROFILE FOR EXPOSURE TO CONSTANT CONCENTRATION.
1.

Experimental.
Separate films were exposed to the same concentration of

chlorine in air (4.0ppm) for successively increasing intervals of time.
The absorbance at 668nm was measured, after each exposure.

The corrected

absorbance was plotted against the respective duration of exposure.
The plot is shown in Figure 10.
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TABLE IV.

REPRODUCIBILITY OF THE FILMS IMPREGNATED
WITH 3.31,5.5'-TETRAMETHYLBENZIDINE.

Concentration of reagent in the film = 5 . 0 percent.
Monitoring wavelength = 410nm.

Film N o .

Percent transmission against air.

1.

78.2%

2.

79.0%

3.

78.2%

4.

80.5%

5.

80.3%

6.

79.2%

7.

79.5%

8.

78.2%

9.

80.3%

10.

78.2%

11.

80.5%

12.

79.5%

13.

78.7%

14.

78.5%

15.

79.8%

Mean = 79.3%.
Average deviation = 0.77%.
Percent relative average deviation = 0.97 percent.
Standard deviation = 0.94%.

Figure 10

TIME PROFILE FOR EXPOSURE
TO CONSTANT CONCENTRATION.
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2.

Results and discussion.
It is shown by Figure 10 that the formation of the blue

product reaches a steady state in approximately 12 minutes.

Thus,

resembling the behaviour of the film impregnated with excess o-tolidine
presented in Figure 6 of chapter III.
response of the

It is also shown that the

3,31,5,5'-tetramethylbenzidine, was approximately,

double that of o-tolidine.

D.

CONCENTRATION PROFILE OF EXPOSURE FOR CONSTANT TIME, EXCEEDING
TWELVE MINUTES.
1.

Experimental.
Separate films were exposed to different concentrations of

chlorine in air, for the same duration of time equal to 15 minutes.
The absorbance at 668nm was measured, after each exposure.

The

corrected absorbance was, then, plotted against the respective
concentration of exposure.
2.

The plot is shown in Figure 11.

Results and discussion.
The plot of Figure 11 shows that, response is linear with

concentration, with a constant increment on the absorbance axis, that
could be attributed to a surface reaction as discussed in chapter III.
The data of Figure 10 and Figure 11 were, thus, treated in the same
manner.

E.

TREATMENT OF DATA.
A surface reaction was assumed to be occurring, and was given a

value of absorbance equal to 0.15 absorbance units, obtained from

Figure 11
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Figure 10.

The data points representing

A - 0.15
were obtained
C
from the data points of Figure 11 by subtracting 0.15 absorbance units
from each data point and dividing by the concentration of exposure
( C = 4.0 ppm ).

The points

A - 0.15
were plotted against the
C
respective duration of exposure, and the following straight line was
obtained:

Therefore:

A ~ °-1.5 = 62.0 x 10“3 + 1.23 x 10~3t
C

(1)

A = 62.0 x 10-3C + 1.23 x 10_3Ct + 0.15

(2)

Equation(2) was assumed to represent the steady state which is
achieved in twelve minutes duration of exposure.

F.

VERIFICATION OF THE STRAIGHT LINE BY COMPARING ACTUAL AND
CALCULATED CONCENTRATIONS OF EXPOSURE.
The comparison of actual and calculated concentrations of exposure

was performed in the same manner outlined in chapter III.

It was

assumed that the straight line represented by equation(2) would
describe the response of the film impregnated with the reagent for
durations of exposure greater than twelve minutes.

Therefore, the

values of Absorbances measured for a constant duration of exposure
equal to 15 minutes, represented in Figure 10, as well as, the
15 minutes time, were inserted into equation(2).

The concentration

of exposure was calculated and compared to the actual concentrations.
The comparison is shown in table V.

The average percent relative

43

TABLE V.

ACCURACY OF THE STRAIGHT LINE

A = 62.0 x 10“3C + 1.23 X 10" 'Ct + 0.15

A = Corrected absorbance.
C = Concentration of exposure
t = Duration of exposure = 15 minutes.

Actual Cone.
of exposure.

Corrected
Absorbance.

Calculated Cone.
of exposure.

0.5 ppm

0.183

0.41 ppm

1.0 ppm

0.227

0.96 ppm

2.0 ppm

0.301

1.88 ppm

3.0 ppm

0.377

2.82 ppm

4.0 ppm

0.461

3.87 ppm

5.0 ppm

0.555

5.03 ppm

6.0 ppm

0.636

6.04 ppm
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deviation of the calculated values did not exceed

±6 percent.

The

maximun deviation observed was for the Value( 0.50ppm ).The deviation
did not exceed

G.

+18 percent.

CONCLUSION.
A silicone-polycarbonate copolymer film impregnated with excess

3,3',5,5'-tetramethylbenzidine was shown to exhibit the expected
behaviour, when exposed to chlorine in air ( i.e: a surface reaction
followed by permeation and reaction in the interior of the film ).
The response of the film was linear with concentration in the range
( 0.5ppm - 6.0ppm ) for a constant duration of exposure greater than
12 minutes.

The accuracy of the determination was within

+6 percent.

The detection limit being less than O.lppm for an exposure duration
of 15 minutes.
The film impregnated with

3,31,5,5'-tetramethylbenzidine was,

approximately, two times more sensitive than that impregnated with
o-tolidine, for the detection of chlorine in air.

CHAPTER V

EXPERIMENTAL EVALUATION OF

A POLYMER FILM IMPREGNATED

WITH A LIMITED AMOUNT OF ( DITHIZONE ) FOR THE DETECTION
AND DETERMINATION OF CHLORINE IN AIR.

A.

INTRODUCTION.
A silicone-polycarbonate copolymer film impregnated with the

reagent diphenylthiocarbazone (dithizone) was prepared.
transparent film was decolorized upon
visible

The dark green

exposure to chlorine in air.

The

spectra of both the unexposed film and the reacted exposed film

were compared Figure(12).
absorbed at 620nm and

It was found that the green transparent film,

450nm.

The absorption at both wavelengths,

diminished upon exposure to chlorine gas.

When the film was completely

decolorized, after prolonged exposure, the film appeared yellowish in
color and the absorption band at 620nm disappeared; while that at 450nm
persisted.

It was concluded that the green reagent inside the film,

had been transformed upon exposure to a yellow oxidation product.
Therefore, it was decided that 620nm would be the wavelength of choice
for monitoring the transformation of the reagent as a function of con
centration and duration of exposure.

B.

EXPERIMENTAL.
1.

Preparation of the film impregnated with dithizone (Casting).
The preparation procedure and the casting method were the same

as previously described in chapter II of this work.

The only exception

being, that it was not possible to prepare a polymer film impregnated
with excess reagent, because dithizone is intensely colored.
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A film

Figure 12

THE VISIBLE SPECTRUM OF THE FILM IMPREGNATED
WITH DITHIZONE BEFORE AND AFTER EXPOSURE.

film with no reagent.
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containing 0.35 percent (w/w) reagent resulted in an absorbance value
of 1.0 , the range in which the decolorization of the film can not be
monitored with accuracy.

A polymer film containing 0.15 percent

dithizone (w/w) was prepared by dissolving 2.6885 grams of the MEM213
silicone-polycarbonate copolymer, and 4«08mg of dithizone in a total of
100 milliliters of chloroform.

The formed film, after casting, resulted

in an absorbance value of 0.470.

This was considered to be in the range

of adequate accuracy for the Beckman spectrophotometer used.
The inability to introduce more reagent into the film did not
present a drawback, because the following study represents the study of
polymer film impregnated with a "limited amount" of reagent.
2.

Apparatus and methods.
The same apparatus used for the studies in chapter III were

used in this study, including the permeation tubes, film holders, and
exposure apparatus.

The experimental methods of exposure with respect

to concentration and duration of exposure were conducted in like manner.
3.

Reproducibility of the films.
Table VI represents the reproducibility of the polymer films

impregnated with dithizone.

The average relative deviation is shown not

to exceed three percent.
4.

Reproducibility of data.
Table VII shows the change in absorbance measured for twelve

separate films containing 0.15 percent reagent in the films when they
were exposed to like conditions.
not exceed two percent.

The average relative deviation did

The data for the films impregnated with

dithizone showed similar reproducibility to the data obtained for the
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TABLE VI

REPRODUCIBILITY OF FILMS IMPREGNATED WITH DITHIZONE.

Reagent Concentration: 0.15 percent.
Monitoring Wavelength: 620nm.

Film N o .

Percent Transmission at 620nm against air.

Absorbance.

1.

33.0

0.482

2.

33.0

0.482

3.

33.3

0.478

4.

34.0

0.469

5.

33.8

0.471

6.

33.5

0.475

7.

32.5

0.488

8.

34.5

0.462

9.

37.5

0.426

10.

34.0

0.469

Mean
Average Deviation
Percent Relative Average Deviation
Standard Deviation

0.470.

0 .011.
2.34 percent.
0.017.
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TABLE VII
REPRODUCIBILITY OF DATA.

Reagent concentration in the film: 0.15 percent.
Duration of exposure: 10 minutes.
Concentration of exposure: 5 ppm chlorine gas.
Monitoring wavelength: 620nm.

Film N o .

Change in Absorbance.

1.

0.236

2.

0.248

3.

0.245

4.

0.239

5.

0.234

6.

0.242

7.

0.232

8.

0.238

9.

0.233

10.

0.238

11.

0.235

12.

0.230

Mean = 0.238.
Average deviation = 0.004.
Percent relative :average deviation = 1.81 percent.
Standard deviation = 0.005.
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films impregnated with o-tolidine, previously presented in table I of
chapter III.

C.

TIME PROFILE FOR EXPOSURE TO CONSTANT CONCENTRATION.
Figure 13 shows the plot of net of absorbance versus duration of

exposure.

The values were obtained by exposing separate films to the

same concentration of chlorine in air, which was six parts per million,
for successively increasing durations of exposure.

The net absorbance

was calculated by subtracting the Absorbance after exposure from the
Value before exposure.

The absorbance axis, thus, represents the extent

of decolorization upon exposure, which would be proportional to the
amount of product formed upon exposure.
The film impregnated with 0.15 percent dithizone was completely
decolorized upon exposure to six parts per million of chlorine for an
exposure duration of twenty minutes or more.

D.

CONCENTRATION PROFILE OF EXPOSURE FOR CONSTANT TIME.
Figure 14 shows the plot of net absorbance versus concentration

obtained by exposing separate films for the same duration of time,
equal to fifteen minutes, to different concentrations of chlorine in
air.

It was observed that the film impregnated with 0.15 percent

dithizone was completely decolorized upon exposure to a concentration
greater than nine parts per million for a duration of fifteen minutes.

E.

RESULTS AND DISCUSSION.
The data of Figure 13 and Figure 14 which represent two different

Figure 13

TIME PROFILE FOR EXPOSURE
TO CONSTANT CONCENTRATION
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Figure 14

CONCENTRATION PROFILE OF
EXPOSURE FOR CONSTANT TIME
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experiments, showed reciprocity of exposure to dose (Cxt).

That is;

the response for exposure to a concentration of six parts per million
for ten minutes ( dose = 6 x 10 = 60 ppm. minutes )

was nearly equal

to the response to a concentration of four parts per million for fifteen
minutes ( dose = 4 x 15 = 60 ppm. minutes ).
not linear with dose; otherwise, the plots

The response, though, was

of net absorbance versus

concentration or duration of exposure would have exhibited straight
lines.

It was observed that the curve obtained in Figure

13 could be

represented by a power function in the following manner:

( A a )2 = bCt

(1)

where:
A a = Net Absorbance.
C = Concentration of exposure (ppm).
t = Duration of exposure (minutes).
b = Constant related to the system.

( A a )^ versus time would represent a straight line from which the
constant b can be determined by calculating the slope and dividing the
calculated value by the concentration of exposure (6 .0ppm).
performed, and a plot of (A a )

This was

versus time, extracted from Figure 13

showed linearity.
The value of the constant b was calculated to be equal to:
(1.52 x 10 Absorbance units, ppm. min.).

The straight line representing

the data corresponding to Figure 13 would then be represented by the

54

following:
( A A ) 2 = 1.52 x 10-3Ct

(2)

If the straight line predicted by equation(2) describes the mode of
interaction of chlorine gas with Dithizone in the film; this same line
should, adequately, represent the data points of Figure 14.

The

accuracy of the representation should reflect the accuracy of the
straight line, as well as, the accuracy of the film impregnated with
Dithizone for the determination of chlorine in air.

F.

VERIFICATION OF THE STRAIGHT LINE BY COMPARING CALCULATED
CONCENTRATIONS OF EXPOSURE TO ACTUAL CONCENTRATIONS.

The values of absorbances obtained in the experiment entitled
"concentration profile of exposure for constant time" represented by
Figure 14, were inserted into equation(2), together with fifteen minutes
duration of exposure.

The concentration of exposure was calculated in

such manner from equation(2) and compared to the actual concentrations
of exposure.

The comparison is shown in table VIII.

The relative

average deviation calculated for the concentrations of exposure did not
exceed twelve percent excluding values equal and below one part per
million.

G.

The comparison was acceptable within experimental limits.

INTERFERENCE STUDIES.
The objective of this study was, primarily, the evaluation of the

processes occuring within a film impregnated with a reagent upon exposure
to gaseous species in air.

Nevertheless, interference studies were
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TABLE VIII

ACCURACY OF THE STRAIGHT LINE.

( A A )2 = 1.52 x io “ 3 c t .

(A

Actual Cone.
of exposure.

a

) = Observed change in absorbance.
C = Concentration of exposure,
t = Duration of exposure = 15.0 minutes.

Observed change
in absorbance.

Calculated Cone.
of exposure.

0.54 ppm

0.17 5

1. 34 ppm

1.0

ppm

0.206

1.86 ppm

2.2

ppm

0.256

2.87 ppm

3.3

ppm

0.288

3.64 ppm

4.3

ppm

0.344

5.19 ppm

5. 5

ppm

' 0.363

5.78 ppm

6 .5

ppm

0.400

7.02 ppm

7.6

ppm

0.425

7.92 ppm

9 .0

ppm

0.441

8.52 ppm

10.0 ppm

0.456

9.12 ppm
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conducted with N 0 2 and ozone.

Both gases interfered to the same extent.

Seven parts per million of N 0 2 were required to produce a response
equivalent to that of 0.5ppm chlorine.

Bromine gas was investigated

earlier in the course of this work, and the film exposed to excess
bromine gas was decolorized to a yellow film; further exposure produced
a red film tinted with violet.

The reactions of dithizone in the film

with bromine gas were the same as those observed in solution by
K.Amberger (35).

H.

CONCLUSION.
A .film impregnated with a limited amount of dithizone was shown to

respond in a manner depictable by equation(2).

( A a )2 = bCt

The accuracy of the reagent-film for the determination of chlorine
in air was within

+ 12 percent in the range( lppm - lOppm ), for a

15minutes exposure.
frome Figure 14.

The detection limit was below O.lppm as determined

N 0 2, ozone and bromine interfered.

A surface reaction

was not considered in the evaluation of the film impregnated with a
limited amount of dithizone.

It was assumed that, since the amount of

reagent in the film was thirty eight times (mole/mole) less than that
in the film impregnated with o-tolidine presented in chapter III, the
amount of reagent on the surface of the film would not be enough to
present an observable response.

CHAPTER VI
THE REACTION PRODUCTS IN THE
REAGENT-IMPREGNATED POLYMER FILMS.
t

A.

THE REACTION OF CHLORINE AND O-TOLIDINE IN THE POLYMER FILM.
1.

Introduction.
O-tolidine is similar to benzidine in reactions used for

analytical purposes. The reactions of o-tolidine and benzidine with
various cations and anions have been compiled by Frank J. Welcher(31).
Both o-tolidine and benzidine reactions involve oxidationreduction processes, but it appears that a greater accuracy and
sensitivity is achieved by using o-tolidine.

O-tolidine can react with

free chlorine in acidic medium to form a bright yellow oxidation
product.

This reaction has been established for use in the analytical

determination of chlorine(36).
0-t©lidine, like benzidine, also forms a bluish-green product
with chlorine in neutral solutions.

Schlenk was the first to determine

the structure of the blue product formed when benzidine is oxidized,
and proposed the following structure for benzidine-blue(37,38).
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Since it was found that o-tolidine impregnated in a polymer film
formed a green-blue product when the film was exposed to chlorine gas,
studies have been undertaken to identify the product, for which the
visible spectrum has been obtained, Figure(5).

Reactions of chlorine

gas with o-tolidine in water, chloroform, and carbon tetrachloride
were investigated.
2.

Reaction of

chlorine with o-tolidine in water.

It has been mentioned that chlorine reacts with o-tolidine
in acidic medium to form a bright yellow product which is utilized for
the analytical determination of chlorine in air(35).

The reaction is

the following:

■NH2

+

O xidant ( C l 2 )

This was confirmed by bubbling ten parts per million of
chlorine gas in air, for thirty seconds, into 20 milliliters of a
solution that contained 0.02 percent o-tolidine in 3N HCL.
solution was obtained which absorbs at 438nm.

A yellow

Since o-tolidine was

found to form a blue-green product with chlorine in the polymer film
( i.e: in the absence of a solvent ), it was decided to conduct the
reaction in a less polar solvent.

Chloroform was chosen because it was

the solvent used for making the casting solutions for the reagent-
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impregnated films.
3.

Reaction of

chlorine with o-tolidine in chloroform.

A o.l percent (w/v) solution of o-tolidine in chloroform was
prepared.

Ten parts per million of chlorine in air, was bubbled into

20 milliliters of the solution, for two minutes.
solution turned darker yellow to orange.

The bulk of the

But, on the sides of the

reaction vessel (a large test tube), and on the surface of the solution,
a blue tint was observed which disappeared when the tube was shaken.
The reaction was repeated, and when the blue product was formed, the
solution was decanted and the sides of the glass test tube were rinsed
with few milliliters of distilled water.

A blue solution was obtained

whose spectrum in the visible region was, quickly obtained, before the
solution faded from green-blue to yellow Figure(15). The solution
exhibited absorption bands at 630nm and 37 0nm, similar to the visible
spectrum obtained for the blue product in the film.

Therefore, the

blue product can be formed in a chloroform solution, but only on the
surface of the solution.

It decomposes when the solution is shaken.

The reaction was then conducted in a solution of carbon tetrachloride.

4.

Reaction of chlorine with o-tolidine in carbon tetrachloride.
A 0.1 percent (w/v) solution of o-tolidine in carbon tetre-

chloride was prepared.

Ten parts per million of chlorine gas, was

bubbled into 20 milliliters of the solution, for two minutes.

The

yellow solution started changing to green, and the visible spectrum was
obtained.

The spectrum is shown in dotted form in Figure 16, because

noise was introduced to the recorder pen.

A finely divided precipitate
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Figure 15

BLUE PRODUCT IN CHLOROFORM.

Blue product collected on th e w alls ot th e reactio n vessel, dissolved in w ater.
Decomposition in water.
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was suspected to be forming, and the bubbling was continued for a
considerable length of time.

Finally, a finely divided precipitate was

seen to be forming inside the tube, turning the color of the solution
into darker green.
paper.

The solution was filtered on Whatman No.4 filter

A yellow filtrate was obtained and a blue precipitate remained

on the filter paper.

The blue precipitate was dissolved in a few

milliliters of distilled water.

Excess water produced a yellow solution.

Filter paper was avoided for the filtration purpose, because the finely
divided blue precipitate adhered to the filter paper fibers and became
inaccessible for collection.

The reaction was conducted again, and the

solution was filtered using suction on a fritted glass filter.

The

blue precipitate was copiously washed with carbon tetrachloride and
put in a desiccator.

A portion of the blue precipitate was dissolved

in few milliliters of distilled water, enough to fill a cuvette, and
the visible spectrum was obtained( Figure 17 ).

The spectrum was

identical to the spectrum of the blue-green product obtained when the
polymer film impregnated with o-tolidine was exposed to chlorine gas,
with slight variation due to the differences in polarity between the
film and water.

The blue product remained for weeks in the desiccator

without decomposing into a yellow oxidation product.
blue product decomposed quickly.

In water, the

Figure 18 shows the decomposition of

the blue product in water, and the half life was around 21 minutes. The
half life for the blue product formed in the film, or formed from a
solution of o-tolidine in carbon tetrachloride and kept in the desic
cator, is in days.

Figure 20 shows the stability as a function of

time, for the blue product formed in carbon tetrachloride and dissolved

Figure 17

BLUE PRODUCT
PREPARED IN CCL4 SOLUTION.

Hue ppt. collected from CCI4 and dissolved

in

w ater.

Blue product decomposing in w ater.
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DECOMPOSITION OF THE
BLUE PRODUCT IN WATER.

Decomposition of blue product in water.

WAVELENGTH.
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in water, compared to the decomposition of the blue product in the
reagentrimpregnated polymer film.

A KBr pellet of the blue product

was made and the infrared spectrum was obtained( Figure 19 ).

The

Infrared spectrum of the blue product formed in carbon tetrachloride
by the reaction of chlorine and o-tolidine, shows an ammonium structure
in the region 2.8um to 3.Sum of the spectrum.

The behaviour of organic

bases, after forming a meriquinoid structure similar to benzidine-blue,
has been mentioned to be analogous to the behaviour of ammonium salts,
by F. Feigl(36).

In order to clarify the analogy between benzidine-

lue and ammonium Salts, the structure for benzidine-blue was also
represented as follows:

The behaviour of the blue-product formed from o-tolidine
upon exposure to chlorine gas, suggests that o-tolidine-blue is being
formed inside the film.

The reaction of o-tolidine with chlorine in

the film would be represented as follows:
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Figure 19

( KBr ) IR SPECTRUM OF THE BLUE PRODUCT.
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Oxidation of Ortho-toliditie.

NH + 2HCI

■NH2

+

O x id a n t ( CI 2 )

O -T o lid in e B lu e
( 6 2 0 n m , 3 7 5 nm )

Therefore, o-tolidine forms a green-blue product upon
oxidation with chlorine gas in the absence of solvent.
decomposes in water to yield a yellow oxidation product.

The product
The yellow

oxidation product shown above, would presumably be the product formed
when o-tolidine in the polymer film reacts with ozone as mentioned
earlier in this work.

5.

Conclusion.
"O-tolidine-blue" is formed when a polymer film impregnated

with o-tolidine is exposed to chlorine gas. The same blue product can
be prepared in carbon tetrachloride by bubbling chlorine gas into a
solution of o-tolidine in darbon tetrachloride.

The product prepared
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in such manner will remain for weeks in a desiccator without noticeable
decomposition, and decomposes quickly when dissolved in water to a
yellow oxidation product.

B.

THE REACTION OF CHLORINE WITH DITHIZONE IN THE POLYMER FILM.
The reactions of diphenylthiocarbazone( dithizone ) with various

cations and anions have been compiled by Frank J. Welcher(31).
Diphenylthiocarbazone is oxidized to diphenylthiocarbadiazone in
the presence of oxidizing agents as shown below:

(

H
C=s

+ O x id a n t ( C l , )

>

n
V
H H

C=S

+

2HCI

r\ = / w

(6 2 0 n m ,4 5 0 n m )

(430nm )

The oxidation product is insoluble in acids or basic aqueous
solutions, but dissolves readily in chloroform or carbon tetrachloride
to form a yellow or a brown solution(31,39).
The polymer film impregnated with diphenylthiocarbazone, which is
colored green, turned yellow when all the reagent in the film had been
reacted with chlorine, g a s ( Figure 12 ).

It was, therefore, assumed

that the yellow product formed in the film would be the same product
formed upon the oxidation of diphenylthiocarbazone in solution as shown
above.
The reaction of dithizone and chlorine in the polymer film was not,

Figure 20
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further investigated, because the product expected to form upon
oxidation, was obtained.

In contrast to the reaction of o-tolidine

and chlorine in the film, where a blue product was formed, when a
yellow oxidation product was expected.

1.

Stability of the oxidation product in the polymer film.
Figure 21 shows the stability curve of the oxidation product

formed in the polymer film impregnated with dithizone reagent after
exposure to chlorine gas.

The exposed film was left in a container in

the laboratory and the absorbance was measured for the noted length
of time.

c*

THE REACTION OF CHLORINE WITH

3,3',5.5'-TETRAMETHYLBENZIDINE

IN THE POLYMER FILM.
The reactions of 3,3*,5,5'-tetramethylbenzidine with oxidizing
agents, are similar to those of o-tolidine and benzidine.

Nevertheless;

3,3',5,5'-tetramethylbenzidine is more sensitive than both, for the
detection of oxidizing agents(34).

Following the same argument of

part (A) of this chapter, it could be stated that the green-blue
product, formed in the polymer film impregnated with the reagent( see
Figure 9 ), upon exposure to chlorine gas, is
benzidine-blue.

3,3',5,5'-tetramethyl-

Figure 21
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CHAPTER VII

THEORETICAL EVALUATION OF A POLYMER FILM IMPREGNATED WITH
REAGENT FOR THE DETERMINATION OF GASEOUS POLLUTANTS IN AIR,

A.

A POLYMER FILM IMPREGNATED WITH EXCESS REAGENT
1.

Introduction
Consider an element of volume; of unit cross-sectional area

between planes

x+dx and x, representing a cross-section of a polymer

film of thickness 2L impregnated with an excess of reagent.

Assume the

film to be centered along the x-axis and extends from -L to +L (Figure
22.a ) .

When the film is exposed to a constant concentration of a gas
C from both sides (-L and +L) , which can dissolve and diffused.e: per
meate) through the polymer film with a diffusion coefficient D; as well
as, undergo a pseudo first order irreversible reaction with the excess
reagent> the following changes in the contents of the unit volume

dx

will occur in unit time dt;

Amount diffusing into dx at x

(Fick's first law)

Amount diffusing out from dx at (x+dx)
Amount reacting =

Kcdx.dt

where:
K = Pseudo rate constant of the irreversible reaction,
c = Concentration of unreacted gas at any time t and distance x

(1)
(2 )

(3)
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in the polymer film, per unit surface area.
The net increase in the concentration of the unreacted gas
inside the unit volume dx can be represented by the following:

(1) - (2) -

(3) =

- Kc^ dx.dt

(4)

If the resulting increase in concentration equals dc; then
equation(4) can be equated to dc.dx
Therefore:
dc.dx =

and

§£ =
St

(D

£ - Kc ^ dx.dt

V 5x
D

(5)

/

- Kc

(6)

8 x2

where:
the

firstterm

to the right of theequation signrepresents

rate of transfer ofthe

gas into the unit

the

volume dx( Fick's second

law

of diffusion); and the second term represents the rate of the pseudo
first order irreversible reaction.

The treatment is adapted from

P. V.Danckwerts(40).

2.

The solution.
The boundary conditions established in the system described

above, are the following:
c( x,o ) = o
c( L,t ) = C

-L < x < L

c(-L,t ) = C
The solution is identical to the conduction of heat along a
thin rod which loses heat at a rate proportional to its temperature(41)
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The solution is given by equation (7) as follows:

c = C

Cosh

£k+D(2n+l) 2 772/4L 2] t

.n
(-1) e

'Cosh
t

Cos |(2n+l) g j

i
in=0

I \
4KL

(2n+l)

1 +

(2n+l) 2 JT2 D2

The first term is the steady state term.
Since the steady state predicts a gradient of unreacted gas
in the film as shown in figure 22.a, the gas will keep permeating
through the film, and all the gas permeating through will have to react
in order to preserve the steady state.
The following changes will occur due to the steady state term.

Amount diffusing in from side(-L)
in unit time dt

=

Amount diffusing in from side(+L)
in unit time dt

=

where,

“D( ^ )
= ^
x=-L

)
= 0(2
X/x=+L

(fe)
S x 4 =+L

'5 x 'x = - L

Therefore, the total amount diffusing into the film from both
sides, due to the steady state term is equal to:

2DC

/

t- \

*»yi
—

/ n

(8)

The quantity represented by equation(8), is equivalent to the
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amount of product formed in unit time dt, which also represents the rate
of the reaction due to the steady state term, i.e:

where:
Amount of product formed due to the
steady state term when the film is exposed to a constant concentration
C of the gas for a duration of exposure equal to t.
The same solution for the steady state term

has been obtained

by R.J.Rubins(42), by a different approach.
Furthermore, if the time required to achieve the steady state
is independent of Concentration; in other words, if the term in paren
thesis, in the second term of equation(7), is independent of Concen
tration; then the amount of product formed during that duration of time
leading to the steady state, will be proportional to concentration.
Therefore, the total amount of product formed from zero time to t, will be
the sum of the amount formed due to the steady state term, which per
sists after realization of the steady state, and the amount which would
have been formed due to the reaction occurring before
the steady state.

the realization of

The total amount can be represented as follows:

(9)

where: h = Constant.
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Equation (9) represents the total amount of product formed
when the film is exposed to a constant concentration of the gas for a
duration of time greater than the time required to achieve the steadystate.
If the product is colored, the amount of product can be repre
sented by its absorbance value at a specific wavelength.

A = kPs

( Beer's law )

where:
A = Absorbance at a specific wavelength,
k = Proportionality Constant,
s = Cross-sectional area of the beam.

therefore:
(ks)hC

A = (ks)

(10)

(ks)h = constant = a

(ks)

and the absorbance can be represented as follows:

A = aC + bCt

3.

The surface reaction.
If a surface reaction occurs before permeation commences, and

introduces an additional absorbance value represented by q; equation(10)
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becomes:
A = aC + bCt + q

The above equation is algebraically identical to the equation
predicted to satisfy the experimental data obtained in chapter III and
chapter IV; where a polymer film impregnated with excess reagent is
exposed to chlorine gas for a duration of time exceeding twelve minutes.
Twelve minutes being the time required for achieving the steady state.

B.

A POLYMER FILM IMPREGNATED WITH A LIMITED AMOUNT OF REAGENT.
1.

Introduction.
Consider the element of volume, described in part A of this

chapter; of unit cross-sectional area, representing a cross-section of
a polymer film of thickness L impregnated with a limited amount of
reagent.

The film extends from 0 to +L along the x-axis.

The film will

interact in the same manner described in part A f when it is exposed to a
constant concentration C of gas.

The only difference being that, the

reaction can not be considered a pseudo first order irreversible reac
tion anymore, because the reagent's concentration is not in excess.
If the reaction is an irreversible "second" order reaction,
the differential equation describing the change in the contents of the
unit volume dx in unit time dt, can be represented by the following:

Sc
rr~ =
St

D

S c
c 2
ox

Knc

(1)

where:
the first term to the right of the equality sign, is the rate of
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transfer of unreacted gas in the unit volume dx per unit time dt, and
the second term is the rate of the reaction.

c = Concentration of unreacted gas at distance x and time t per
surface area.

unit

K = Rate constant of the bimolecular irreversible reaction.
n = Concentration of reagent available at distance x and time
surface area, and varies in the following manner:
5n
—
St

2.

t per unit

= - Knc

(2)

The solution.
The solution to this differential equation was given by J.J.

Hermans(43), by introducing the following simplification.
Consider the reaction between diffusing molecules of gas and
the reagent to be instantaneous.

Since there is a limited amount of

reagent, the concentration of reagent is practically zero at all points
which have been reached by the diffusing molecules.

In other words,

diffusing molecules and unreacted reagent can not both be present in the
same element of volume at the same time.

The reagent location was

assumed to represent "empty holes" in which diffusing molecules can be
trapped or, "trapping sites",

n in the differential equation represents

the concentration of the holes available for trapping, at distance x
and time t.
If the reaction is instantaneous, the empty holes will be
filled as soon as diffusing molecules pass over the holes.

There will,

eventually, exist a region next to the exposed surface, in which all
"holes" are filled and in which additional diffusing gas is free to move.
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This region is separated from the unreacted portion of the film by a
boundary line, at a distance ( , indicating an abrupt change from "all
holes filled" to "all holes empty".

Figure 22.a, adapted from J.J.

Hermans, gives a diagrammatic representation of the situation.
J.J.Hermans(43), formulated the equation of motion of the
moving boundary and obtained the solution for the concentration of
unreacted gas, when a constant concentration of exposure, is maintained
at the exposure surface (x = 0).
R.J.Rubins(42) used the same solution to arrive at the amount
of product formed in the film which is exposed to a constant concen
tration of gas from one surface.

For a film exposed from both faces,

the amount of product would approximately double.

R.J.Rubins showed

Q
that, when -*<1 ( no= Concentration of reagent in the film ), the
n0
distance f travelled by the moving boundary, can be represented
by the following:
(3)

Since nQ = Concentration of reagent per unit surface area;
therefore,

(n0f ) will represent the total amount of holes which have

been filled in the film.

It is also the total amount of product.

Amount of product formed = n0f = n0

2CDt\2

In the case of a colored reagent which is decolorized upon
reaction, the change in Absorbance( Net absorbance ) will be propor
tional to the amount of product formed;
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Change in Absorbance
Amount of product formed =
ks
where:
k = Proportionality constant
s = Cross-sectional area of the beam.

therefore:
t
A a = Change in Absorbance = (ks)n0

and

( A a )2 s (ks) 2nc (2CDt)

For a film exposed from both surfaces, the value will approx
imately double:

( A a )2 s 2 (ks)2n0 (2CDt) = 4 (ks) 2n0D (Ct)

4(ks)2n0D = constant = b

therefore:
( A a )2 £ bCt

(5)

Equation (5) is algebraically identical to the equation
predicted to satisfy the experimental data of chapter Vj where, a
polymer film impregnated with a limited amount of dithizone is exposed
to chlorine gas from both faces.
A surface reaction has not been included in the treatment
for reasons outlined on page 56 of chapter V.
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It is worth mentioning, also, that the solution will hold
until the central plane of the film is reached, when the film is ex
posed from both sides; as noted by J.Crank(44).

DISTRIBUTION OP UNREACTED GAS IN THE POLYMER FILM
IMPREGNATED WITH EXCESS REAGENT AFTER THE STEADY STATE.
DISTRIBUTION OF UNREACTED GAS IN THE POLYMER FILM
IMPREGNATED WITH A LIMITED AMOUNT OF REAGENT, AND THE
MOVING BOUNDARY.

» x -a cx is

CHAPTER VIII

CONCLUSION

A polymer film impregnated with a colorimetric reagent can be used
for the determination of gaseous air pollutants. It provides a direct
and sensitive method of determination. It offers accuracy, compared to
that attained by the use of bubblers and charcoal tubes, and simplicity,
only approached by the use of test paper and detector tubes.
The response behaviour of the film, as a function of concentration
and duration of exposure, limits the use of the film for personal
monitoring; because the response is not directly proportional to dose
(Cxt). The film can only be used if the duration of exposure is suffciently long to minimize the effect of an initial lag of response.
The accuracy of the determination is limited only by the accuracy of the
spectrophotometer and the method of preparing the standard atmospheres
of the gas in question. The method of preparing the impregnated polymer
films is as simple as the preparation of reagent solutions. Once pre
pared, the impregnated films can be stored in an evacuated container or
amber bottle, for future use.
The impregnation of polymer films with reagents allows the utili
zation of sensitive reactions that are deemed useless for quantitative
determinations, because the reaction products are unstable in solution.
One such reaction product, is the blue oxidation product of benzidine or
its derivatives. In the polymer film impregnated with o-tolidine, the
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blue product is more stable, than in solution.

This is shown in the

comparison of the stability of the blue product in the film versus its
stability in water, in figure 20 of chapter VI.

The stability can be

attributed to the absence of solution and low permeability of silicone
polymers to water.
The only disadvantage that would be foreseen for the use of polymer
films impregnated with reagents for the determination of gaseous air
pollutants, is the difficulty in reducing interferences.
permeation might play a role in reducing interferences.

But, selective
Selective

permeation is possible, since different gases have different solubility
and diffusion coefficients( i.e: permeation coefficients ), in the same
polymer film.

Selective permeation might also be achieved by varying

the polymer matrix which is impregnated with the reagent.
Finally, it is justifiable to say that a polymer film impregnated
with a colorimetric reagent can offer an accurate, as well as, a simple
method for the direct detection and determination of gaseous air pol
lutants; and the system deserves further investigation and study.
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